We discuss the advantages of wavefront sensing at near-infrared (IR) wavelengths with low-noise detector technologies that have recently become available. In this paper, we consider low order sensing with laser guide star (LGS) adaptive optics (AO) and high order sensing with natural guide star (NGS) AO. We then turn to the application of near-IR sensing with the W. M. Keck Observatory (WMKO) AO systems for science and as a demonstrator for similar systems on extremely large telescopes (ELTs). These demonstrations are based upon an LGS AO near-IR tip-tilt-focus sensor and our collaboration to implement a near-IR pyramid wavefront sensor (PWFS) for a NGS AO L-band coronagraphic imaging survey to identify exoplanet candidates.
INTRODUCTION
Near-infrared wavefront sensing is a critical technology for science with AO on current and future telescopes. It enables high contrast science of exoplanets and dust obscured regions, and high sky coverage for extragalactic science. It can be used to extend the performance of NGS AO to fainter (redder) targets and to increase the sky coverage of laser guide star (LGS) AO. Furthermore, it allows the application of optimal wavefront sensing approaches (e.g. pyramid and Zernike wavefront sensing) due to the AO correction at near-IR wavelengths. All of the extremely large telescopes (ELTs) are planning to use near-IR wavefront sensing as part of their AO facilities.
Infrared cameras have been used as phase and angle sensors on astronomical interferometers for many years (e.g. [1] ). The VLT NACO Shack-Hartmann camera is the only high-order AO near-IR wavefront sensor in operational use [2] and a near-IR PWFS was demonstrated on-sky with the Calar Alto AO system [3] . The limited use of near-IR wavefront sensing has been due to the high read noise, and high cost, of these detectors which limited them to bright targets. The high read noise limitation has recently been removed with the introduction of new approaches and technologies.
In terms of new approaches to reduce read noise, a near-IR tip-tilt sensor, based on multiple reads of small windows on a Teledyne H2RG detector, has been implemented with the Keck I LGS AO system [4] ; however there is still a high procurement cost associated with this detector. In terms of new technologies for low read noise and lower cost, both CEA-Leti/Sofradir and Selex have demonstrated the production of electron initiated avalanche photodiode arrays (APDs) [5] . A CEA-Leti/Sofradir RAPID detector is in operational use as part of the VLTI PIONIER instrument [6] . A Selex SAPHIRA array has been demonstrated for lucky imaging on the IRTF [7] and for tip and tilt with the Robo-AO system [8] , and for wavefront sensing and fringe tracking on GRAVITY [9] .
In this paper we report on the status of lab, on-sky and analytical results for near-IR sensors used for tip-tilt and low order modes for LGS AO, and high order pyramid wavefront sensing for NGS AO (section 2). We also report on the conceptual design of a combined near-IR tip-tilt and PWFS sensor for the Keck II AO system (section 3).
ANALYSIS AND RESULTS

Selex Detector Performance
The initial Selex 320 x 256 at 24 µm pitch e-APD SAPHIRA arrays utilized Liquid Phase Epitaxy (LPE) HgCdTe. A development program initiated by ESO and carried on by UH switched to Metal Organic Vapor Phase Epitaxy (MOVPE) HgCdTe. This technology, which enables full band gap engineering of the APD, has allowed dramatic improvements in the quality and performance of the SAPHIRA arrays [10] . The most recent models have achieved superb cosmetic quality at avalanche gains as high as 600 (at 20 volts bias!). These arrays have 32 parallel video outputs organized as 32 adjacent pixels in a row and, for windowing, the readout allows addressing of any modulo 32 set in the array. The readout is inherently capable of pixel rates well in excess of 10 MHz although the highest rate achieved to date are 5 MHz with the ESO controller. This corresponds to a full frame rate of 2 kHz and 10 KHz for a 128 x 128 subarray with deep sub-electron read noise. The quantum efficiency is 70% and the mean read noise at 2000 frames per second and a gain of 60 is < 1 e-.
The technology is readily scalable to larger format. Selex and its partners are actively working towards ¼ to one megapixel class formats [11] .
Tip-tilt Sensing for LGS AO
The performance of the Keck I near-IR tip-tilt sensor with LGS AO has been measured [12] and some sample measurements are shown in Table 1 . The near-IR tip-tilt sensor manages to maintain better tip-tilt performance than the visible tip-tilt sensor as the NGS gets fainter. Both sensors can use stars up to ~ 50″ off-axis. The near-IR sensor uses a 2048x2048 pixel detector and off-axis NGS are acquired by reading out the appropriate small (e.g. 4x4 pixel) region on the detector; while the visible sensor must be moved off-axis to acquire the NGS. A potential advantage of this near-IR sensor is that multiple NGS can be used by reading out multiple regions in order to reduce tip-tilt anisoplanatism (this mode is implemented but needs on-sky testing). In order to determine the relative merits of the H2RG and e-APDs we can compare their signal-to-noise ratios (SNR). where η is the detector quantum efficiency; S, S B and S D are the signal due to the star, background (sky and thermal) and dark current on the pixels used for the measurement; F is the excess noise caused by the amplification; n is the number of pixels; σ R is the read-noise per pixel; and G is the e-APD gain. Note that the calculation of the stellar signal in the n pixels includes a multiplication by the Strehl ratio. The effect of the e-APD gain is to effectively reduce the read-noise at the expense of some excess noise in the detected photons.
A plot of H-band SNR versus magnitude is shown in Figure 2 . The e-APD outperforms the H2RG for the 4x4 pixel case. The higher SNR performance for the e-APD system allows an e-APD system to be operated at higher bandwidth than an H2RG system while maintaining the H2RG SNR level. The APD's performance advantage over the H2RG increases with the number of pixels (e.g. the APD's can be used for a high order wavefront sensor). There is little performance difference between the two detectors in the 2x2 pixel case. 
Low Order Focal Plane Wavefront Sensing for LGS AO
The LGS wavefront sensor measurements include focus changes due to variations in the altitude of the sodium layer and subaperture tilt changes due to variations in the structure of the sodium layer and the telescope pupil orientation. The Keck LGS AO system [13] uses a visible low bandwidth wavefront sensor (LBWFS) to measure a NGS (i.e. truth) and hence provide focus and centroid corrections to the LGS wavefront sensor. The LBWFS can limit LGS AO performance and observing efficiency especially on faint NGS where 1 to 2 minute exposures can be required.
The errors measured by the LBWFS are low order aberrations (e.g. astigmatism, coma and spherical). Focal plane wavefront sensing in the near-IR, where the image is partially AO-corrected, offers a potentially more efficient alternative to the LBWFS, especially if this could be done with the data from the near-IR tip-tilt sensor.
The focal plane wavefront sensor algorithm LIFT [14] uses a single astigmatic image to estimate tip/tilt, focus and other low order aberrations. LIFT has been tested with calibration sources on the Keck I near-IR tip-tilt sensor and the Keck II science camera NIRC2 [15] . The near-IR tip-tilt sensor's 50 mas pixels are under-sampled (0.45 Nyquist sampling at K), while the NIRC2 10 mas pixels provide well sampled images. The AO loop was closed on a calibration source and Zernike aberrations modes, in addition to the astigmatism offset needed by LIFT, were inserted by changing the reference slopes on the wavefront sensor. Tip-tilt was successfully retrieved on both instruments (Figure 3a and Figure  4a ). Some non-linearities were observed on TRICK for the estimation of focus and 0° astigmatism (Figure 3b and d) , but most amplitudes are well estimated. The 45° astigmatism is well estimated in positive values (Figure 3c ). The inflection point is expected and corresponds to the opposite of the inserted astigmatism offset. These results can be improved with better knowledge of the imaging model, which is fundamental at such a sampling. 
Pyrami
Our case for obscured and The abundan disks at youn optical wave with current planet to star been implem wavefront se Figure 7 . rget since the L refore also be u mospheric refra m the tip of th cient to addres used to offset th the camera to p tion which wil entering (L col and the small n n in Figure 12 L-band vortex c used for small action correctio he pyramid by ss differential a he star from th prevent instabi ll help with pu in Figure 11 Figure 15 shows two Selex SAPHIRA-based camera systems, developed by the University of Hawaii (UH) and First Light Imaging (FLI) [19] , respectively. The UH camera uses a GL Scientific dewar cooled by an actively vibration damped Sunpower CryoTel-GT Stirling cooler, coupled to a Lakeshore temperature controller and a chiller. The First Light Inc. C-RED one camera is cooled to 80K using a high reliability, integrated pulse tube. Both camera options would fit on the AO bench in the space allowed by the Figure 14 optical design.
The UH camera saw first light at the NASA IRTF in May, 2014 and has subsequently been deployed to both the Palomar 1.5 m with Robo-AO and to SCExAO on Subaru (where it is currently in use). UH has procured two additional camera systems, one of which is intended for observations with Keck. The UH cameras are operated using a UH "Pizza Box" controller [20] which currently operates with 1 MHz pixel rate, corresponding to a full frame rate of 400 Hz with 2 kHz rate for a 128 x 128 sub-array and 8 kHz for a 64 x64 sub-array. The controller is capable of 2 MHz pixel rate which would double these frequencies.
Real-time Controller
The PWFS will be used to control the Keck AO system's tip-tilt and deformable mirrors. The processing of the PWFS pixel data through the PWFS algorithm could occur in the existing Keck AO real-time controller (RTC) or in a separate fast processor. In either case the Keck RTC [21] would still provide the driving control of the mirrors.
We intend to develop a separate flexible RTC to accept the PWFS pixels and to process them through the PWFS algorithm. This approach has the additional benefit of allowing test algorithms to be easily programmed.
The new RTC will be based on the visible PWFS controller developed at Subaru. This RTC is very simple, a Dell server and the Ubuntu Linux open source software platform, with no custom hardware. Computationally intensive operations are moved to GPUs. The code was specifically designed to support the new generation of high speed diffraction-limited wavefront sensors (e.g. for the PWFS diffraction outside of the geometric pupils is taken into account, and the software includes high speed zero-point offsetting capability). A simplified version of the Subaru system with reduced computational requirements will be implemented for our proposed project.
The new PWFS RTC will interface to the existing Keck AO system via two interface layers as shown in Figure 16 . A simplified version of the VxWorks Microgate Protocol (MGP; C code) driver will be ported to the Linux machine to write data packets to the Microgate RTC. The MGP driver will send the deformable and tip-tilt mirror commands to the Microgate RTC at up to 2 kHz rates over an existing private gigabit Ethernet network. An EPICS layer will be added to the PWFS RTC to support communication with the rest of the observatory over the observatory network.
This interface approach minimizes the need to modify or replace existing hardware and software interfaces, and hence the impact on the operational system. It also makes use of the existing AO tools. For example: (1) tip-tilt and focus offloading loops to the telescope will continue to be handled by the existing Keck systems monitoring the tip-tilt and deformable mirrors; (2) deformable mirror offsets for image sharpening on the vortex coronagraph and speckle nulling will continue to be determined by the operational system and will be passed as a calibration file to the PWFS RTC; and (3) pointing offsets to register the science target on the vortex coronagraph and compensate for differential atmospheric refraction will continue to be determined by the operational system and will be passed to the modulator driver.
CONCLUSIONS
Wavefront sensing with the low noise near-IR detectors that have recently become available offers considerable sky coverage improvements for both LGS and NGS AO. In LGS mode these sensor can be used for tip-tilt as well as for measuring the low order aberrations introduced by the LGS. For high order NGS AO the low noise and flexible readout of the Selex SAPHIRA e-APD arrays is particularly optimal and supports improved AO correction.
A combined near-IR tip-tilt and pyramid wavefront sensor design is described which would support Keck II LGS and NGS AO with the NIRC2 and NIRSPEC science instruments. The tip-tilt sensor mode is being designed to support the determination of low order modes with the LIFT algorithm that has shown promising laboratory results.
